Yamanaka Y, Hashimoto S, Masubuchi S, Natsubori A, Nishide S-Y, Honma S, Honma K. Differential regulation of circadian melatonin rhythm and sleep-wake cycle by bright lights and nonphotic time cues in humans. Am J Physiol Regul Integr Comp Physiol 307: R546 -R557, 2014. First published June 18, 2014 doi:10.1152/ajpregu.00087.2014.-Our previous study demonstrated that physical exercise under dim lights (Ͻ10 lux) accelerated reentrainment of the sleep-wake cycle but not the circadian melatonin rhythm to an 8-h phase-advanced sleep schedule, indicating differential effects of physical exercise on the human circadian system. The present study examined the effects of bright light (Ͼ5,000 lux) on exercise-induced acceleration of reentrainment because timed bright lights are known to reset the circadian pacemaker. Fifteen male subjects spent 12 days in temporal isolation. The sleep schedule was advanced from habitual sleep times by 8 h for 4 days, which was followed by a free-run session. In the shift session, bright lights were given during the waking time. Subjects in the exercise group performed 2-h bicycle running twice a day. Subjects in the control kept quiet. As a result, the sleep-wake cycle was fully entrained by the shift schedule in both groups. Bright light may strengthen the resetting potency of the shift schedule. By contrast, the circadian melatonin rhythm was phase-advanced by 6.9 h on average in the exercise group but only by 2.0 h in the control. Thus physical exercise prevented otherwise unavoidable internal desynchronization. Polysomnographical analyses revealed that deterioration of sleep quality by shift schedule was protected by physical exercise under bright lights. These findings indicate differential regulation of sleep-wake cycle and circadian melatonin rhythm by physical exercise in humans. The melatonin rhythm is regulated primarily by bright lights, whereas the sleep-wake cycle is by nonphotic time cues, such as physical exercise and shift schedule. bright light; physical exercise; circadian pacemaker; sleep-wake cycle; reentrainment THE CIRCADIAN PACEMAKER IN HUMANS entrains to the 24-h cycle of bright lights (20) through phase-dependent phase shifts (13, 21, 27) . On the other hand, nonphotic time cues have been suggested to entrain the circadian pacemaker or a part to the circadian system in humans (3, 17, 24) . For example, sleepwake cycles were entrained by daily social schedules in some totally blind (25, 34) and sighted persons (16), who showed free-running melatonin rhythms in routine life.
to the nonphotic schedule, whereas plasma melatonin rhythms were not phase-advanced and failed to entrain to the shift schedule. As a result, the sleep-wake cycle and plasma melatonin rhythm were internally desynchronized. The state was alternatively called partial entrainment and regarded as evidence for involvement of two independent oscillators; one is the circadian pacemaker regulating the rhythms in core body temperature and plasma melatonin, and the other is regulating the sleep-wake cycle (1, 16) . The desynchronized sleep-wake cycle and melatonin rhythms became resynchronized in a following free-run session by large phase-advance or phasedelay shifts of the sleep-wake cycle (17) .
Effects of physical exercise on the human circadian system have been examined, but the results are not always consistent. Physical exercise did not alter the circadian period when measured in either classical free-running experiments (40) or desynchrony protocols (9) . On the other hand, a single trial of physical exercise was reported to produce phase-dependent phase shifts of circadian rhythms under dim-light conditions, where possible effects of lights were excluded (7, 8, 38) . Physical exercise at the early evening time phase-advanced the plasma melatonin rhythm by ca 30 min, and that at the mid-night phase-delayed it by ca 50 min (8) . By contrast, daily physical exercise at the early subjective morning accelerated reentrainment of plasma melatonin rhythm to the sleep-wake schedule of 23.6 h, where a daily wake-up time was phaseadvanced by 20 min under dim-light conditions (28) . Daily physical exercise was also reported to accelerate reentrainment of the circadian rhythm in plasma melatonin to a 9-h phasedelayed sleep schedule (5) but not that in rectal temperature (4) . Recently, we (43) demonstrated that physical exercise accelerated reentrainment of the sleep-wake cycle but not of plasma melatonin rhythm to 8-h phase-advanced sleep schedule under dim-light conditions (Ͻ10 lux). When the time allowed for sleep was phase-advanced by 8 h from a habitual sleep time for four cycles, reentrainment of sleep-wake cycle but not of plasma melatonin rhythm was significantly accelerated in subjects who performed 2-h interval running with a bicycle ergometer twice a day. As a result, the sleep-wake cycles and plasma melatonin rhythms were transiently desynchronized. Inconsistent results in these previous studies with respect to the directions of phase shift and differential effects on the circadian systems could be due to experimental designs, such as light intensity and the strength and duration of physical exercise. Bright lights are known to have dual nonvisual effects through the eyes; one is on the circadian pacemaker located in the suprachiasmatic nucleus (39) , and the other is on wakefulness or alertness (12, 14) probably through activation of the sympathetic nervous system (31, 35) .
In the present study, reentrainment of the human circadian system to an 8-h-shifted sleep schedule is examined under bright-light conditions (Ͼ5,000 lux) with and without physical exercise. Here, we demonstrate differential regulation of the circadian melatonin rhythm and sleep-wake cycle by bright lights and nonphotic time cues, such as physical exercise and shift schedule.
MATERIALS AND METHODS

Subjects.
Fifteen healthy young males of 22-29 yr old participated in this study as paid volunteers. None of the subjects were athletes specifically trained for competitive sports, and all were in good physical condition. They did not have jobs in the early morning or late night and did not go abroad within 4 wk before the start of experiment. All subjects had no personal history of psychiatric, endocrine, or sleep disorders. The subjects gave written, informed consent, which allowed them to withdraw from the experiment whenever they wanted. This study was approved by the ethical committee of Hokkaido University Graduate School of Medicine (no. 11-001) and conducted according to the Declaration of Helsinki.
Temporal isolation facility. The experiment was carried out in a temporal isolation facility. The details of facility were reported elsewhere (17) . Briefly, the facility consisted of four isolation rooms that were light/sound proof. Each room was equipped with a bed, desk, comfortable chair, compact disk player, kitchen, and bathroom. The main illumination was supplied from the ceiling by fluorescent tubes and controlled by the experimenter. There was no indication of time in the room. There were accessory dim lights of Ͻ10 lux at bedside and bathroom. The room temperature and humidity were kept in a narrow range (24 Ϯ 2°C and 60 Ϯ 10%).
Experimental protocols. The subjects were instructed to keep a regular sleep schedule (0000 to 0800) and to record a sleep diary for 2 wk before the shift experiment. They carried a data collection device (Actiwatch; Minimitter, Bend, OR), which recorded wrist activity and light intensity. One week before the shift experiment, the subjects stayed in the facility from 1700 to 1200 of the next day (preexperiment). They were asked to go to bed at their habitual sleep time. Serial blood sampling was performed under dim-light conditions (Ͻ10 lux) at 2-h intervals to estimate a phase relation between plasma melatonin rhythm and sleep onset. In the late morning of the following day, the subjects performed a symptom-limited maximal-exercise test (15) with a bicycle ergometer to obtain maximum heart rate (HRmax), which evaluates exercise capacity. The subjects were randomly assigned to the control (n ϭ 8) and exercise (n ϭ 7) experiments, respectively. The study consists of seven series of experiments. The control and exercise experiments were run simultaneously.
Experimental protocol in the isolation unit is illustrated in Fig. 1 . The mean phase of circadian melatonin peak determined in the preexperiment was 0349. To standardize the time structure of individual subjects, the melatonin peak of each subject was defined as zeitgeber time (ZT) 20. The mean retirement time to bed was 0025 and therefore regarded as ZT 16. The wake-up time was set at ZT 0 to guarantee 8 h of sleep.
The subjects came in the facility for measurement of polysomnography (PSG) at the night (prenight) before the first day (day 1) of the experiment. They were not allowed to bring a cellular phone or similar devices into the isolation rooms. The first serial blood sampling was performed from ZT 10 on day 1 to ZT 10 on day 2 under dim-light conditions (Ͻ10 lux) (baseline session). On day 2, the subjects were required to stay up for 32 h and allowed to sleep from ZT 8 to ZT 16 on day 3. Thus the habitual sleep time was phase-advanced by 8 h. This advanced sleep schedule was continued for 4 days (the shift session). In the shift session, the subjects received a phone call 30 min before retirement to bed and a second call at the time of retirement, asking for them to lie on the bed and turn off the accessory bed lamp.
The time of wake-up was announced by a phone call. When the subjects were already awake before the scheduled wake-up time, they were required to stay in bed until the morning phone call. Napping was not allowed. In the shift session, bright lights (Ͼ5,000 lux) were illuminated from ZT 16 to ZT 8 (waking time), except for the first day (day 2). The second serial blood sampling was performed from ZT 8 on day 6 to ZT 10 on day 7 under dim-light conditions. From ZT 16 on day 6, the subjects were released into free-run conditions (the free-run session) for 6 days. During the free-run session, the times of going to bed and waking up were determined by the subjects. Meals were available at any time of day. The light intensity was Ͻ10 lux. The subjects turned off the light at retirement to bed and turned it on at the time of getting up. The third serial blood sampling was done from ZT 4 on day 11 to ZT 10 on day 12.
Three meals were supplied at fixed times (ZT 0, ZT 5, and ZT 11) on days 1 and 2. The last (third) meal before overnight wake-up was given at ZT 11 on day 2, and then the times of meal were also advanced by 8 h at ZT 16, ZT 21, and ZT 3. On day 2, the meal was supplied at ZT 16 and ZT 21 in addition to ZT 0, ZT 5, and ZT 11. The time of meal supply was indicated in Fig. 1 . They were allowed to drink water and caffeine-free teas anytime. Smoking was not permitted. In the baseline and shift sessions, the subjects were instructed to conduct computer-based performance tests and questionnaires every 2 h during the waking period to keep alertness. Ten minutes was needed to complete the test.
Exercise and control conditions. Subjects in the exercise group performed a 2-h interval exercise of 15-min run and 15-min light pedaling with a bicycle ergometer twice a day (3 h and 7 h after wake-up) (Fig. 1B) . The control group sat on a chair during the same time as the exercise session. The intensity of exercise was 65-75% of their HRmax. The mean HRmax was 189 Ϯ 9 beats/min (mean Ϯ SD). The intensity of exercise in the present study is regarded as moderate to hard (32) .
Measurements of biological rhythms: plasma melatonin. A serial blood sampling was performed for the measurement of circadian melatonin rhythm as described previously (17) . Briefly, 3 ml of blood was sampled at 1-h intervals through an indwelling intravenous catheter with a heparin lock placed in a forearm vein. After the sampling, blood was immediately centrifuged at 4°C, and separated plasma was frozen in Ϫ40°C until the determination of melatonin by a double-antibody radioimmunoassay (18) . The sensitivity of the assay was 1.56 pg/ml. The intra-and interassay variances were 6.6 and 7.0%, respectively. Circadian phases of plasma melatonin rhythm were determined by a geometric method (17) . The difference between the maximum and minimum levels of the melatonin rhythm was defined as the amplitude of rhythm. The phases of melatonin onset and offset were defined as the times at which the rising and falling portion of the melatonin rhythm crossed the level that was 20% of the amplitude. The midpoint of the melatonin onset and offset was defined as the phase of melatonin peak.
Rectal temperature. Rectal temperature was measured continuously by a thermistor probe with a line. Records were fed into a computer system every 30 s (17) . Rectal temperature rhythm in individuals was expressed as a two-state rhythm similar to sleep-wake cycles (28) . Rectal temperature was averaged at 10-min intervals and transformed into two states: a higher (hyperthermic) and lower (hypothermic) temperature state, which was higher or lower, respectively, than the mean of all records throughout the experiment. To evaluate the phase shift of temperature rhythm, the onsets of lower temperature state on days 1, 6, and 11 were used as the phase reference. The amplitude of rectal temperature rhythm was determined for each individual by calculating the difference between the maximum and minimum levels using the original data throughout the experiment.
Sleep-wake cycle. The sleep-wake cycle was recorded by four different methods: bed lamp, bed sensors (weight sensor), PSG, and wrist actograph. The subjects were instructed to use the bed only for sleep and to turn off the bed lamp when they went to bed and to turn it on when they got up. These signals were continuously monitored and fed into a computer system every 30 s. When the subject lay on the bed, the four sensors under the bed were activated, and the body movement in the bed was recorded continuously. The wrist activity was recorded every 1 min by an ambulatory monitor of body movement (Actiwatch), which was worn on the nondominant wrist. The sleep onsets determined by bed sensors were used as circadian phase markers. In the free-run session, the sleep onset was determined as the time when the subject went to bed after having three meals.
Sleep PSG. Sleep PSG was recorded at the prenight, day 3, day 5, and day 10. Sleep PSG, consisting of single-channel (C3-A2) electroencephalogram (EEG), electrooculogram, and electromyogram, was stored in an electronic computer by the data-acquisition program, SleepSign (KisseiComtec, Nagano, Japan), with a resolution of 128 Hz. The sleep stages were visually scored in every 30-s epoch, according to the standard criteria (33) .
The sleep latency was defined as the time until the appearance of stage 1 sleep, which was followed by stage 2 sleep. Non-REM sleep contains four stages of sleep (stage 1, 2, 3, and 4). The total sleep time (TST) was defined as the sum of non-REM sleep and REM sleep times. The sleep period time (SPT) was defined as the time from the sleep onset to sleep end, including the time of wake after sleep onset (WASO). The sleep efficiency was defined as the percentage of TST to SPT (42) . A part of EEG record was missed in two subjects (subject E3 on the prenight and subject E6 on day 5) because of technical error. Their data were excluded from the analysis of sleep parameters.
Statistical analyses. Statistical analysis was performed using Graph Pad Prism (GraphPad Software, San Diego, CA). Differences in the circadian phases, amplitudes, and sleep parameters along the experimental days were evaluated by a nonparametric Friedman test with post hoc Wilcoxon test (intragroup comparison) or Mann-Whitney U-test (intergroup comparison). F test was used to compare standard deviations of the mean. The significance level was set at P Ͻ 0.05. Figures 2  and 3 illustrate a double-plotted raster formula of sleep-wake cycles, two state rhythms of rectal temperature, and peak phases of plasma melatonin rhythm in individual subjects throughout the experiment. Sleep-wake cycles determined by bed sensors started to free-run from the 8-h phase-advanced sleep time, by either phase-delaying or phase-advancing. In some subjects, splitting or fragmentation of sleep-wake cycles were detected in the free-run session. Figure 4 illustrates 24-h profiles of plasma melatonin in individual subjects on the day immediately before phase shift (day 1), on the last day of the shift session (day 6), and on the last day of the free-run session (day 11). In the control group, individual peak phases of melatonin rhythm were rather scattered, and amplitudes were decreased on day 6 compared with those on day 1 (Table 1 ). In the exercise group, individual peak phases were quite consolidated on day 6 and showed phaseadvanced shifts with comparative amplitudes to those on day 1 (Table 1 ). There was no notable difference in the results among different series of experiments.
RESULTS
Sleep-wake cycle, circadian rhythm in rectal temperature, and peak phases of melatonin rhythm in individuals.
Circadian rhythms in plasma melatonin and body temperature. Table 1 demonstrates the means of peak phases and amplitudes of circadian melatonin rhythm and body temperature at different experimental days in the control and exercise groups. The peak phase of melatonin rhythm in the exercise group was significantly changed (Friedman test, P Ͻ 0.01) and phase-advanced on day 6 from the baseline by 6.9 Ϯ 2.6 h (mean Ϯ SD) (P Ͻ 0.05, post hoc Wilcoxon test). The peak phase in the control group was not significantly shifted, resulting in a significant phase difference between the two groups on day 6 (P Ͻ 0.01, Mann-Whitney U-test). The circadian peak phase on day 11 was not significantly different from that on day 6 in both groups, indicating that the phase shift of melatonin rhythm under dim-light conditions was slow. The amplitude of melatonin rhythm was also significantly changed (P Ͻ 0.01, Friedman test) in both groups. The melatonin amplitude on day 6 was reduced by 16.0 Ϯ 17.4 pg/ml in the control (P Ͻ 0.05, post hoc Wilcoxon test) but not in the exercise group, showing a significant difference between the two groups (P Ͻ 0.05, Mann-Whitney U-test). The amplitude on day 11 was decreased by 11.9 Ϯ 7.0 pg/ml in the exercise group compared with the baseline (P Ͻ 0.05, post hoc Wilcoxon test). Significant phase-advance shifts were also obtained in the circadian temperature rhythm of the exercise group after the phase shift of sleep schedule ( Table 1 ). The amplitude of temperature rhythm was significantly increased in the free-run session (days Figure 5A indicates individual phases of melatonin rhythm in the control and exercise groups. As indicated in Table 1 , the variability of peak phase in terms of SD was significantly larger on day 6 in the control than in the exercise group (P Ͻ 0.01, F test). The mean and SD of melatonin peak in both groups were illustrated in Fig. 5B . Similarly, the variability of the onset of lower temperature state on day 6 was significantly larger in the control than in the exercise group (Table 1) .
Sleep-wake cycle. Table 2 demonstrates times of sleep onset at different experimental days in the control and exercise groups. The sleep onset was significantly changed in both groups (P Ͻ 0.01, Friedman test) and phase-advanced on day 7 by 4.3 Ϯ 3.8 h in the control and by 6.1 Ϯ 1.5 h in the exercise group, respectively (P Ͻ 0.05, post hoc Wilcoxon test). The sleep onset in the control group phase-delayed on the fifth day of the free-run session (Ϫ3.6 Ϯ 3.4 h; P Ͻ 0.05, one-sample Wilcoxon signed-rank test), whereas the sleep onset in the exercise group did not significantly change in the free-run session. The sleep-onset phase was not different between the two groups throughout the experiment. As a result, the phase-angle difference () between the sleep onset and melatonin peak in the control group was significantly larger on the last day of shift schedule (day 6) than on the baseline (6.7 Ϯ 2.9 h vs. 4.5 Ϯ 0.6 h; P Ͻ 0.05, Wilcoxon test). On the other hand, the in the exercise group was essentially the same between day 6 and the baseline (3.5 Ϯ 1.6 h vs. 4.3 Ϯ 0.7 h).
During the free-run session, the phase shift of sleep onset in the control group showed a large interindividual difference (Fig. 5A) . Actually, the SD of sleep onset was significantly larger in the control group than in the exercise group on day 7 and day 11 (P Ͻ 0.05, F test). The means and SD of sleep onset in both groups were demonstrated in Fig. 5B .
Because the variability of phases in melatonin rhythm and sleep-wake cycle in the control group was substantially large, differential phase shifts of the two rhythms in the group data could be due to large individual differences. To examine this possibility, correlation was analyzed between the phase shifts of melatonin rhythm and sleep-wake cycle. The correlation coefficiency was calculated to be 0.5072 (Spearman's rank correlation), indicating that there was no significant correlation between the two parameters. Figure 6 illustrates marked contrasts in responses of circadian melatonin rhythm and sleep-wake cycle to physical exercise under bright lights in the present study and under dim lights in the previous one (43) . Without physical exercise, the melatonin peak was not phase-advanced on day 6 and day 11 regardless of light conditions (Fig. 6, top, left) . In fact, the melatonin peak under dim-light conditions significantly phase-delayed from the baseline. By contrast, physical exercise under bright lights significantly phase-advanced the melatonin rhythm (Fig. 6, top, right) . On the other hand, the sleep onset on day 7 was not significantly phase-shifted under dim-light conditions without physical exercise (Fig. 6, bottom,  left) , whereas the sleep onset under bright lights was significantly phase-advanced regardless of physical exercise (Fig. 6,  bottom) . Namely, physical exercise under dim-light conditions induced internal desynchronization in which the melatonin rhythm phase-delayed, whereas the sleep-wake cycle phaseadvanced. However, physical exercise under bright-light conditions protected internal desynchronization by phase-advanc- ing the melatonin rhythm to an extent similar to that of the sleep-wake cycle.
Reentrainment under bright lights (Ͼ5,000 lux) vs. dim lights (Ͻ10 lux).
Sleep PSG. Table 3 
DISCUSSION
The present study revealed complex effects of photic and nonphotic time cues such as bright lights and physical exercise on reentrainment of the human circadian system to an 8-h phase-advanced schedule. The complexity is due to involvements of two separable oscillation systems, namely the circadian pacemaker and sleep-wake cycle, in the reentrainment and to differential effects of multiple time cues on both oscillation systems.
Differential effects of physical exercise on the sleep-wake cycle and circadian pacemaker. In our previous study with the same experimental protocol as the present one except for the light intensity (43) , physical exercise was demonstrated to significantly phase-advance the sleep-wake cycle but not the circadian melatonin rhythm. The experiment was performed under dim-light conditions to exclude a possible effect of lights on reentrainment. The findings indicated differential effects of physical exercise on the circadian pacemaker and sleep-wake cycle. It is worth noting that the phase-shift protocol itself has a potency to reset the sleep-wake cycle, when the shift schedule was extended to 8 days (17) .
In the present experiment under bright-light conditions, the circadian melatonin rhythm was significantly phase-advanced in the exercise group but not in the control. The findings markedly contrast with the results of a previous study under dim-light conditions that the melatonin rhythm was significantly phase-delayed regardless of physical exercise (43) . On the other hand, the sleep-wake cycle in the present study was almost fully phase-advanced in both the control and exercise groups ( Table 2 , Fig. 5 ), which is seemingly contradictory to the previous findings that the sleep-wake cycle was not phaseadvanced in the control group (43) . However, the apparent difference between the two studies could be interpreted as being due to differential and dual effects of physical exercise and bright lights on the circadian pacemaker and sleep-wake cycle.
Physical exercise under bright-light conditions enhances the capability of photic resetting. The phase-advance shifts of melatonin rhythm in the exercise group are not due to the physical exercise itself but most likely due to the bright lights because physical exercise had no phase-shifting effect on the melatonin rhythm under dim-light conditions (43) . The resetting effect of bright lights depends on the time of light exposure (21, 27 ) and the amount of light impinging on the retina (6, 11) . The subjects in the exercise group could receive more lights than those in the control because physical exercise was reported to dilate the pupils through activation of the sympathetic nerve system (22) . Increased light perception may enable the circadian rhythm to make larger phase shifts because physical exercise was performed in the early subjective morning when phase-advance shifts were expected by bright lights (21, 27) . In this sense, the effects of physical exercise are regarded as photic rather than nonphotic.
On the other hand, bright lights failed to phase-advance the circadian melatonin rhythm in the control group. The finding was apparently inconsistent with the results of our previous study where bright lights significantly phase-advanced the circadian melatonin rhythm in a similar 8-h phase-advance protocol of sleep schedule (19) . The discrepancy could be explained by the timing of bright-light exposure. In our previous study, bright lights were given at the early subjective morning, where a single light pulse produced phase-advance shifts (21, 27) . By contrast, bright lights in the present study were given in the whole waking period, which included both the advance and delay portions of human phase response curve for a single light pulse (21, 27) . Therefore, phase-advance shifts might be cancelled by phase-delay shifts in the control group.
Bright lights in the waking period enhance the resetting potency of shift schedule. In the previous study under dim-light conditions (43) , physical exercise accelerated reentrainment of sleep-wake cycle to an 8-h advance-shift schedule (Fig. 6) . The phase-advanced sleep-wake cycle started to phase-shift in the free-run session from the phase reset by the shift schedule (Fig.  6) , indicating that the sleep-wake cycle in the shift session was not a masking of the schedule but a real entrainment by definition (17) . In the present study under bright-light condi- tions, the sleep-wake cycle was significantly phase-advanced regardless of physical exercise ( Table 2 , Fig. 5 ). Bright lights in the subjective night are known to enhance alertness through sympathetic activation (10, 29, 35) , which could strengthen the effects of the shift schedule as a nonphotic time cue, thereby contributing to phase-advance shifts of the sleepwake cycle.
It is a matter of debate whether effects of physical exercise on the sleep-wake cycle are phase dependent or not. Previously, a single trial of physical exercise was reported to produce phase-dependent phase shift of circadian melatonin rhythms (8) . Evening exercise phase-advanced the circadian melatonin rhythms, whereas mid-night exercise phase-delayed the melatonin rhythms. In a 9-h phase-delay protocol of the sleep schedule, physical exercise in the mid-night was demonstrated to accelerate the phase-delay shifts of the melatonin rhythm (5) . Phase shifts of the sleep-wake cycle could be induced secondary to the shifts of the circadian pacemaker. However, an alternative mechanism is suggested by acceleration of internal desynchronization or partial entrainment by physical exercise (17, 43) .
In animal studies, enhancement of arousal state by methamphetamine or restricted daily feeding was reported to entrain the oscillation in the circadian range, which was independent of the light-entrainable circadian pacemaker in the suprachiasmatic nucleus (30, 37) . Scheduled sleep and wakefulness under dim-light conditions reset the sleep-wake cycle independent of the circadian pacemaker in humans (17) . Taken all together, a hypothesis could be advanced that physical exercise enhances the oscillation underlying the sleep-wake cycle, which is inde- pendent of the circadian pacemaker. Further studies are needed to elaborate the hypothesis with testable predictions.
Interestingly, the amplitude of rectal temperature rhythm increased in the free-run session in both groups, whereas that of melatonin rhythm was not changed (control group) or slightly decreased (exercise group). The rectal temperature rhythm is regarded as driven by the circadian pacemaker and has been used as a marker of the pacemaker together with the melatonin rhythm (2, 13, 27) . However, the temperature rhythm is positively and negatively modified (masking) by physical activity and rest to various extents. The masking effects are reported to depend on the time of day (26) . Repeated bright-light exposures during the shift session could induce carryover effects on rectal temperature during sleep, which increases the amplitude (23) .
Internal desynchronization and quality of sleep. In the previous study under dim-light conditions, sleep-wake cycles and circadian melatonin rhythms were internally desynchronized by the shift of the sleep schedule, where the sleep-wake cycle was entrained by the shift schedule, whereas the circadian melatonin rhythm free-ran (17, 43) . The internally desynchronized two rhythms were resynchronized in the following freerun session. It took several days to reestablish internal synchronization through phase-delay or -advance shifts of the sleep-wake cycle toward the melatonin rhythm (17, 43) .
In the present study, similar internal desynchronization was observed in the control group but not in the exercise group on the first day of the free-run session, as assessed by the phaseangle difference () between sleep onset and melatonin peak. A lack of internal desynchronization in the exercise group was due to significant phase-advance shifts of melatonin rhythm ( Table 1 ). The phase-delay shifts of sleep onset in the free-run session were significantly larger in the control than in the exercise group (Table 2) , probably reflecting a larger produced by the shift schedule in the control. The rate of phase shift, namely the rate of resynchronization, may depend on the initial state () of internal desynchronization.
Importantly, internal desynchronization is associated with deterioration of sleep quality (36, 41) . The change in in the control group was associated with significantly shorter TST, non-REM, and REM sleep and significantly longer WASO in the control group on day 3. As a result, sleep efficiency was significantly reduced. Decreased sleep efficiency continued until the end of the free-run session (day 10). Some sleep parameters were recovered to the basal levels on day 5, which was possibly ascribed to bright-light exposure during the waking period. Without bright lights, these sleep parameters did not return to the basal level on day 5 (43) . Such changes in sleep quality were not detected in the exercise group. Thus physical exercise under bright-light conditions protected deterioration of sleep quality by preventing internal desynchronization. The effects of physical exercise were prominent and appeared already on the first day of the shift schedule (day 3). In this respect, the present results may provide a beneficial strategy to cope with jet lag and with shift work in a practical sense.
Individual differences in the response to physical exercise and bright lights. Physical exercise not only accelerated phaseadvance shifts of the circadian melatonin rhythm but also decreased the interindividual variability in terms of SD of the phase of melatonin peak. The effect could be ascribed to enhancement of light perception by physical exercise. Similarly, the variability of sleep-onset phase was smaller in the exercise group than in the control group, suggesting the effects of enhanced light perception on the arousal state, which in turn strengthened resetting effects on sleep-wake cycles. Because there was no correlation between the extent of phase shifts of sleep onset and melatonin peak, it is unlikely that individuals who were shifted with melatonin rhythm were also shifted with sleep onset, and the large individual difference obscured the feature at the level of the group data.
Conclusions. Circadian melatonin rhythm and sleep-wake cycle in humans are regulated differentially by bright lights and nonphotic time cues, such as the sleep-wake schedule and physical exercise. Bright lights in the shift session promote reentrainment of the sleep-wake cycle to the 8-h phase-advanced schedule, regardless of physical exercise. On the other hand, physical exercise under bright-light conditions accelerates phase-advance shifts of circadian melatonin rhythm. Thus the physical exercise protected otherwise occurring internal desynchronization between the melatonin rhythm and sleepwake cycle. By this, deterioration of sleep quality in the shift session was prevented by the physical exercise. Values are expressed as the mean Ϯ SD. Sleep parameters are determined on the prenight and first and third days of shift schedule (days 3 and 5), as well as on the fourth day of free run (day 10). WASO, wake after sleep onset; TST, total sleep time. *P Ͻ 0.05, †P Ͻ0.01 vs. prenight by Wilcoxon test. ‡P Ͻ 0.05 vs. control by Mann-Whitney U-test.
